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NOTICE

' This document may not be reproduced or published in
any form in vhole or in part without prior approval of the
Government, Since this is a technical management report, the

information herein is tentatlve and subject to changes, correc-
tions and modifications.
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ABSTRACT

The scope and testing procedures to be followed in
developing the derived mechanical properties, fracture toughness,
axlei-stress fatigue, stress-corrosion and exfoliation resistance,
end fatigue-crack propagation rates of 2014-T652, 2024-T852,
7075-T7352 and 7079-T652 aluminum alloy hand forgings of various
sizes are presented herein.

All materials to be tested in the investigation have

been ordered.
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MICHANICAL PROPERTIES, INCLUDING FRACTUR:Z TOUGHNESS AND FATIGUE,
CORROSION CHARACTERISTICS AND FATIGUE-CRACK-PROPAGATION RATES OF
STRESS-RELIEVED ALUMINUM ALLOY HAND FORGINGS

I. Introduction.

The design mechaniczl propertles, fracture toughness,
corrosion characteristics and fatigue-crack propagation rates
era four of the most important factors involved in the selectior
and efficient design of aerospace structures. The importance of
these characteristics has teen emphasized by the extensive pro-
grams carried out in recent years to develop such information
for aluminum alloy plate and extrusions.* Similar date are
needed for aluminum alloy hand forgings.

It is particularly timely to givc attention to hand
forgings, for several reasons: (1) much of the published design
data for hand forgings has been obsoleted by a change in the
basis of specifying minimum properties, from one in which the
length, width and thickness were considered to one in which only
the thickness is involved; (2) the development of a technique of
stress-relieval by cold work in compression has resulted in
relatively new tempers (TX52) for many of the alloys; and (3)
there have been some significant problems with forged parts in
recent years relatable to fracture and stress-corrosion
characteristics, '

Accordingly, the properties of hand forgings of
several aluminum alloys currently used in aircraft structures

are to be determined under this contract. The tests are
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2.
intended to provide statistically rellable data for deriving
design mechanical properties for MII~HDBK-5, inciuding stress-
strain and compressive tangent-modulus curves, In addition,
data concerning the fracture toughness, axlal-stress fatigue,

stress-corrosion, exfoliation end fatligue-crack rropagation
characteristics of the materials will be obtained,

II. Scope.
Tht wuule of this program will include the determina-

tion of the following properties of 2014-T652, 2024-1852, T7075-

T7352 and 7079-T652 hand forgings of the sizes in Table I:

1., The ultimate tensile strength, tensile yield strength,
tensile elongatlon, compressive yleld strength, and
ultimate double-shear strength in the longitudinal, long-
transverse and short-transverse directions at the center
of the cross-section of each forging.

2. The ultimate bearing strength and bearing yleld strength in
the longitudinal and long-transverse directions of each
hand forging.

3. The modull of elasticity in tension and in compression in
the longitudinal, long-transverse and short-transverse
directions,  representative lots,

4, Tensile and.compressive stress-strain curves and compressive
tangent-modulus curves for the longitudinal, long-transverse
and short-+ransverse directions of the same lots for which

moduli are determined,
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5. Plane-strain stress-intensity factor, Ky,, in the Zongitud-
inal, long-transverse and short-trans?erse directions of
representative lots,

6. Axlal-stress fatigue strengths (stress ratlo = 0.0, K =
1.0) in the long-transverse direction, of representative
lots,

7. Resistance to stress-corrosion cracking in the longitudinal,
long-transverse and short-transverse directions and
resistance to exfollation attack, of representative lots.

8. Fatigue-cravs propdgaiion raies (R = 40.3>) in long-
transverse specimens from the 6x24-in. hand forging of each
alloy.

9. Fatigue-crack propagation rates (R = +0.33) in longitudinal
and short-transverse specimens from the 6x24-in, hand
forging of two of the alloys.

10. Fatigue-crack propagation rates (R = +0.33) in long-
transverse specimens from the 6x24-in. forging of two
alloys tested in (a) dry air, (b) humid air or water, and
(¢) 3-1/2% salt fog or solution.

JII. Mterial.

The hand forgings to be investigated have been
ordered from Alcoa in the alloys, tempers and sizes listed in
Table 1. Each of the forgings 1s to be fabricated independently
to represent an individual lot of material. The fabrication
history will be reported in as much detail as possible within
proprietary and practical limitations.
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The slzes of the forgings willl represent the range of
sizes usually encountered ln commercilal production with regard to
thickness and width/thickness ratio,

The chemical compositicn of each heat of an alloy
will be obtained.

IV, Procedure.

The specimens will be taken in the longitudinal, long-
twnsverse and chcort-trensverse directions from the center

region of the cross-section of each forging as shown in Fig., 1.

A, Mechanical Propertles

A,l. Tensile, Compressive, Shear and Bearing

The specimens and procedures used will in general be
in accordance with ASTM methods and essentially in agreement with
Federal Test Method 151. |

All tests will be made in testing machines that mcst
ASTM and Government requirements for accuracy. »

All tensile tests will be made in accordance with
ASTM Methods of Tension Testing of Metallic Meterials (E8-66).
The specimens will be 1/2-1in, dlameter, except where it 1is
necessary to use subsize round specimens (Fig. 8 of ASTM EB-66).
Specimens used in the stress-strain tests for the determination
of modulus will differ from those, 1in that the t.est section
will be of uniform dlameter.

All compressive tests will be made in accordance with
ASTM Methods of Compression Testing of Metallic Materials (E9-67)
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and will be made using a subpress (Fig. 3, ASTM rg-n(). The
specimens will be cylindrical, 1/2 in. in diameter x 1-7/8 in.
long (1/r=15), except that for the determination of modulus of
elasticity, 3/4-in. dlzmeter x 3-1/2-in. long specimens will be
generally used,

Tensile and compressive yleld strengths will be deter-
mined from load-straln diagrams obtained autographically for
each lot in each direction.

The procedures in the tensile stress-strain tests will
meet the reguirements of ASTM Method for Determination of Young's
Modulus at Room Temperature (E111-61) and strains will be
measured with a Tuckerman optical strain gage (ASTM Class A).
Based on the various tests, typlcal and minimum tensile and
compressive stress-strain and compressive tangent-modulus curves
will be developed using tne same procedures previcusly used on
the contracts for plate and extrusions. These procedures are in
accordance with those outlined in Sections 3.2.3, 3.2.5 and 3.2.6
of Technical Report AFML-TR-66-386. %

Tests to determine ultimate shear strength will be
made with 3/8-in. diameter specimens from the same locations as
in the tensile tests, except that tests of short-transverse
specimens will be made only on forgings 3 in. or more in thick-
ness, The tests will be made with an Amsler douﬁle-sheaf tool
in which a 1-in. length is sheared from a specimens 3 in. long,
the end thirds being supported throughout their lengths. In

* D. P, Moon and W. S. Hyler, "MI1-HDBK-5 Guidelines for
Presentation of Data, " Technical Report AFML-TR-66-386,
February 1967.
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the tests of longitudinal and long-transverse specimens, the
loads will be applied in the direction normal to the ma jor
forged surface of the forging from which the specimen was taken;
in tests of short-transverse specimens, the loads will be applied
in the direction parallel to the major axls of the forging.
Bearing tests will be made 1n accordance wlth ASTM
Methods E238-64T, using longitudinal and long-transverse sheet-
type edgewise specimens, 0.094 in, thick x 1-1/2 in. wide, with
a 0.375-1in. diameter hole and edge distances of 1.5 and 2.0 in.
diameter, Before making these tests, the test fixture and
specimens will be cleaned ultrasonically in a suitable nontoxic
solvent (Toson 3, Giannini Controls Corp.). The bearing yield
strength will be determined as the stress at a permanent deforma-
tion of 2 per cent of the pin diameter as indlcated on autographic

load-deformation diagrams,

A.2, BStatistical Analysis

To establish statistically acceptable design values
for each of the 1ndividual mechanical properties of the varlous
alloys, tempers and thickness ranges in each direction, by
means of direct statistical analyses of data, would requlre an
amount of testling that would be beyond the limitations of the
contract. Therefore, it is planned, as has been the policy of
MIL~HDBK-5 in the past and as was done in previous contract work
on plate and extrusions, to use the minimum values in the
material specification as basis-pronerty "A" or "S" values for
the long-transverse tensile properties of each alloy, temper and
thickne-s range. The design values for other properties will be

Wt b e i e
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obtained by applying ratios developed from this contract work
to the long-transverse tensile "A" or "S" values, If appropriate,
"B" values will be obtained in a similar manner.

The testing to be done in this investigation will lead
to ratlios of various properties of each individual lot to the
long-transverse tensile properties of the same lot, (e.g., ratios
of Fgy (L)/Fyy (LT), Fey (L)/Fyy (LT), etc.). Te ratics de-
termined in the individual tests will be analyzed statistically,
and & regression analysis of each group of ratios will be made
to Aetermine vhether a significant correlation exists with
thickness. By applylng the ratlos resulting from the analyses
to the "A", "B" and "8" values mentioned in the preceding
paragraph, satisfactory design values for the other properties
can be obtained as indicated in "MIIL-HDBK-5 Guidelines for the
Presentation of Data', Technical Report AFML-TR-66-386.

A, 3, Fracture Toughness
Notch-bend fracture toughness tests will be made

using fatigue-cracked notched specimens of the types shown in
Fig. 2. The dimensions of the specimens, the chevron notching,
fatigue cracking, and the test procedures willl be essentially
in accordance with the Draft Recommended Practice developed by
ASTM E-24%*, but incorporating the latest thinking of the authors
of that practice as endorsed at the March 13, 1968 meeting of
Committee E-24, Subcommittee I, The setup for fatigue cracking
the specimens 1is shown in Fig. 3; the fracture toughness test-
setup 1s shown in Fig. 4. Candidate values of the critical
* ASTM Recommended Practice for Plane-Strain Fracture-Toughness
Testing of High-Strength Metallic Materials Using a Fatigue-

Cracked Bend Specimen, letter Ballot Draft, Ma 1967;
Revised September 1967. v t, May 9, 1967;
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plane-strain stress-intensity factor, KQ» will be czlculated,
using two values of load from the fracture toughness tests, The
first value will bve calculated using the load at the initial
burst (1f any) of unstable crack growth, as indicated by the
initlal significant deviation from linearity in the load-
deformation curve. The second value will be calculated using
the load at a 5 per cent secant offset, equivalent fo about 2
per cent of crack extension; this value is currently defined as
Kye if the following criteria are met:

(a) The plsstic zone size must be small with respect to
the thickness, as indicated by the limitation that
the thickness of the test specimens must be equsal
to or greater than 2,5 times the ratio (KQArYS)Q,
and

(b) any deviation from linearity in the load-deformation
curve prior to the load used for the KQ calculation
must primarily represent crack extension, as
indicated by the limitation on the load-deformation
dlagram that the horizontal displscement of the
load-deformation (from the initial slope) at a load
80 per cent of that at the 5 per cent secant offset
intercept shall not be more than 1/4 of the dis-
placement at the 5 per cent secant-offset intercept.

A4, Axial-Stress Fatigue

The axial-stress fatigue strengths will be determinad
with specimens of the design in Fig. 5 in Krouse fatigue
machines operating at 1725 rpm. The stress-levels will in

e
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general correspond to those used on previous contracts involving

plate and extrusions.

B. Corrosion Characteristics

The general scope of the corrosion tests is given in
Table I; five of the ten hand forgings of each alloy and temper
were selected for test. In all aspects of the corrosion studies,
liberal use will be made of metallographic techniques to identify

and document the types of fracture obtained.

B.l. Exfolliation Resistance
Susceptibility to exfoliation in aluminum alloys 1is

most prevalent in products which have a grain shape that is very
thin, wide and long. This sort of grain shape is not usually
found in forgings and, in general, exfoliation of aluminum forg-
ings has not been a problem in service. Instances of exfoliation
in service have been reported, however; consequently a few tests
will be made to permit comparison of forgings with plate and
. extrusions. The 2x8-in. hand forging was selected as being the
shape most 1likely to be susceptible. Tests will also be con-
ducted with the 6x24-in. hand forging.

Two panels, 4x6 in, in size, from each forging, will
be exposed at a 45 degree angle to aclidified salt spray. One
ranel will be machined to a depth equal to 10 per cent of the
forging thickness to represent a slight amount of machining and
the other panel will be machined to the centerline of the thick-
ness (T/2 plane) to simulate extensive machining.
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The salt-spray tests will be carried out in cabinets
designed to meet the requirements of ASTM's acidified salt-spray
test (Bll7). The length of exposurc will be two weeks and the
penels vwill be inspected daily for extent of attack. Test
conditions will be the same as those required by ASTM Bll1l7, with
the exception that the operating temperature will be 120 F
rather than 95 F and speclimens will be intermittently sprayed in
six-hour repetitive cycles (3/% hour spray, 2 hour dry-air
purge, plus 3-1/4 hours at 100 per cent relative humidity);
these changes were introduced because 1t has been found that
they are more conducive to the devélopment of exfoliation attack
than the conventional ASTM tests, The specimens will be
analyzed visually and microscopically after exposure to establish
the type of attack. |

B. 2. Resistance to Stress-Corrosion Cracking

The resistance to stress-corrosion cracking of
susceptible aluminum alloy-tempers is most critical in the short-
transve?se direction; consequently, all five forged shapes listed
in Table I will be stress-corrosion tested in this direction.

In addition, the 2, 4 and 6-in. thick hand forgings will be
tested in the longitudinal and long-transverse directions; these
additional tests are proposed because forgings .represent the
aluminum alloy product most likely to be susceptible to stress-
corrosion cracking in the other directions as a result of the
erratic grain flow patterns.

. The short-transverse specimens will be 1/8-in, diameter
tensile specimens of the type shown in Fig. 6. Longitudinal and
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long-transverse specimens will be 0.437-in, diameter tensile
specimens of the type in Fig. 7. Both types of specimens are
stressed in frames of the general type shown in Fig, 8.
Specimens will be taken about the centerline of the forging
thickness,

The stress levels employed in the tests will be varied
with the relative resistance to stress-corrosion cracking; this
is known from previous tests to be dependent upon both the
direction of testing and the alloy and temper. Longitudinal and
long-transverse tests of all alloys and tempers will be made at
75 per cent of the tenslle yield strength. ILong-transverse
tests of certain alloy-tempers will also be made at 50 per cent
of the tensile yleld strength. Dependent upon alloy and temper,
the short-transverse tests will be made at either: (a) 75 per
cent of the tensile yield strength, (b) 75 and 50 per cent of

. the tensile yield strength, or (c) 7.5, 15 and 22.5 ksi. The

stress levels to be used on the respective alloys are shown in
Table II. In all cases, the stresses 1n the specimens will be
determined from deformation (strain) measurements made while
the side bars of the fixture (Fig. 8) are forced inward, All
stressed tests will be made in triplicate, In additicn,
duplicate control specimens will be exposed without stress,
The corrosive environment will be 3.5 per cent (by
weight) NaCl solution (reagent grade salt and distilled water)
conforming to the purity and pH requirements of Method 811 of
Federal Test Method Standard No. 151, at room temperature, by
alternate immersion. The alternate-immersion cycle is provided
by equipment such as that shown in Fig. 9 and consists of 10
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minutes of total immersion, followed by aeration above the
solution for the remaining 50 minutes per hour, 24 hours per
day. The exposure period will be 26 weeks for longitudinal and
long-transverse and 12 weeks for short-transverse specimens.
The specimens will be visually examined daily for failure and
representative failed specimens will be examined microscopically
to determine the nature of failure. Specimens that do not fail
during exposure will be tested in tension to determine the loss
in strength as compared with the unstressed control specimens.

6x5 Inch 7075 T7558 and 7070- 1652 Foresngs

In most uniform shaped, rectangular aluminum products

the longitudinal, long-transverse and short-transverse grain
directions correspond to the physical length, width and thickness
of the part. This relatlonship between grain orientations and
physical dimensions does not always hold for hand forgings.
Because of the extensive upsetting and kneading operations they
receive, hand forgings may have a complex grain flow pattern
(Fig. 10). This is particularly true for large square shapes.
Spécimens can be taken parallel to any of the forged surfaces

and by properly positioning them in the cross-section, be made

to contain a long-transverse, transverse or short-transverse
grain structure. Extensive machining of such forgings into
finished parts can likewlse expose various grailn structures which
bear no relationship to the physical dimensions of the forging.
Consideration of thls variation in grain structure through the
cross-section is not crucial for alloy-temper combinations which

are highly resistant to stress-corrosion cracking buvt is very

S e e e - L S ———
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important for susceptible alloy-tempers. The following tests
of the 6x6-1in. 7075-T7352 (highly resistant) and 7079-T652
(susceptible) hand forgings are planned to demonstrate this
effect,

Full cross-section slices (3/8 in. in length) will be
obtained and macroetched to reveal the grain structure. Tensile
specimens (C.125 in. diameter) will then be taken parallel to
one another but appropriately positioned in the cross-section
so that they contain three different grain structures. The
resistance to stress-corrosion cracking will then be cvaluated
in 3.5% NaCl by alternate immersion at a stress of 75 per cent
of the tensile yleld strength for a 12-week exposure period,

C. Fatigue Crack Propagation
C.l. Preliminary Investigation
The specimen to be used for determination of the

‘fatigue crack propagation rates for longitudinal and long-
transverse specimens is shown in Fig., 11. It utilizes a sharp
notch instead of the milder notch (Fig. 12) used for previous
crack-propagation Investigations of plates and extrusions. The
sharper notch will increase the uniformity of the crack
initiation and thus increase the useful portion of the specimen
width over which meaningful data can be obtained. Also the
sharper notch should affect the rate of propagation less than
the rounded notch in the early stages but the notch change
should not be a factor for longer cracks. Four long-transverse
2014-T652 specimens having each notch will be tested to study the
effect of the notch geometry on the crack propagation.

B e ]
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Fig. 13 shows the type of specimen to be used for
determining the crack propagation razte for short-transverse
specimens, It 1s expected that the short test sectlon length
will affect the rate of crack propagation. Accordingly, four
long-transverse 2014-1652 specimens will be prepared having
this geometry. A comparison of the rates for the two lengths

. of specimens will be used in the subsequent evaluations of the

effect of specimen orientation.

Work at the Naval Research laboratories and elsewhere,
using relatively thin, wide specimens hes suggested that it 1s
possible to run "programmed stress petterns” on each specimen:
i.e., after the propagation rate, %%g_’ has been established at
the initial stress, the load is increased and another rate 1is
measured, and so forth., Eight long-transverse 2014-T652
specimens willl be prepared to determine if this method is
feasible for this geometry of specimen., If successful, this
method will be utilized for some of the program indicated below
and, accordingly, some tests carried out in three or four alloys
instead of only two.

C.2. Effect of Stress, Stress Intensity and Strain

Crack propagation rates will be determined at maximum#*
net stresses of 9.9, 15, and 21 ksi, using long-transverse
specimens of all four alloys. The highest loading should
produce high local plastic strailns at the crack tips. In a few

Minimum Stress

* Stress Ratlo = Lo —— = 1/3
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of these tests the strain distribution around the crack tip will
be observed by stress coat and/or measurements of local thinning

or interferometer techniques.

C.3. nIffect of Grain Orientation

These large forgings involve six principal specimen
orientations as illustrated in Fig. 14. The effect of grain
‘orientation on crack propagation rate will be studied for at
least two of the four alloys. It 1s expected that the alloys
investigated will be those having the slowest and fastest crack
propagation rates for the long-transverse specilmens. However,
the selectlon may be Influenced by the industry interest in the
alloys at the time. Specimens will be prepared from all the
directions indicated, To study the effect of grain run out,
specimens having their axis 15° off the longitudinal axis of
the forging will also be prepared.

’

C.4. Effect of Environment
The preceding tests will all be made in ambient con-
ditions. Because the humidity can influence the rate of propa-

gation, three series of tests will be made on two alloys in
controlled atmospheres as follows:

1. Dry Alr - The central test section will be
enclosed in a chamber and the humidicy
controlled to 30+ 10%.

2. Humid Alr - Water vapor (or water) will be
introduced into the chamber surrounding the
central test sectlon so that the humidity
is maintained greater than 93%,
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3. Salt Fog - A 3-1/2% MaCl salt fog (or
solution) will be introduced continuously
into the specimen chamber at a rate so
that the humidity is greater Lhan 93%.

C.5. Test Procedures

Most fatigue crack propagation tests will be made in
50 000-1b structural fatigue machines of the types shown in
Fig. 15, at a rate of 310 cpm. In wmost tests In amblent air the
crack propagation will be measured using a magnifying glass and
a scale graduatedi in hundredths of an inch (because the fatigue
cracks advance on a convex front 1lan these thick specimens, more
precise measurements generally do not seem justified). This
method will probably not be suitable for the controlled environ-
ment studies, so an alternate procedure will be developed early
in the program. Among the techniques being consldered are
telescopic surface viewing; surface crack propagation gages,
electrical potentional measurements, compliance clip gages and
time lapse photography.

For those tests performed in ambient alr, the humidity
will be contlnuously reccrded and the range of humldities
reported for each specimen,
| To study the effect of rate of loading, several of the
specimens subjected to salt fog will be tested at a rate of
20 cpm,

C.6. Analysis
The method of analyzing the data 1is being developed.

Initially, the crack length will be plotted linearly against
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some function of the length. Crack propagation rates will then
be determined for eacl. specimen using a computer analysis of

the data. These rates wlll be plotted as functions of the
stress intensity and, in some cases, as & function of the strain
range (ratio: crack tip plastic strain divided by normal
elastic strain). The anticipated forms of crack growth analysis
are illustrated in Fig. 16.

An electron microscope will be used to measure
striation spacing at severai crack lengths for a few representa-
tive specimens., The crack propagation rates determined from
these spacings will be compared with those determined by

external measurements,

V. Summary.

The 40 samples of 2014-T652, 202. .52, TOT5-T7352
and 7079-T652 aluminum alloy hand forgings of the sizes to be
tested in this Investigation have been ordered from Alcos but

none have been receilved to date.
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NOTE: Test Sections of All
Srecimens Will Be
Within Center Third
of Width and Thickness
(cross-hatched area).

Fig. 1 Iocation of Test Sections of Specimens In
Cros:.—oection of Eand Forgings.
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Fig. 10
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Photograph of a macroetched transverse section from a
lar%e square hand forging show: an X-shaped flow
pattern. Tenslle specimens can be .wde to contain
grain structures by appropriate positioning in the
cross-section as exegglified above, Tests of this sort
wili be made on the -in, 7075-T7352 and 7079-T652
forgings to demonstrate the effect on resistance to
stress-corrosion cracking.

Fig. 10
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The orientation of the specimen to evaluate
grain-run-out will be chosen after macro-
scopic examination of the grain flow patterns

of the forgings.

Fig. 14 Orientations of Fatigue Crack
Propagation Specimens.
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